ABSTRACT To combat the explosive growth of mobile data traffic, massive-multi-input multi-output (MIMO)-enabled wireless backhaul small-cell (SC) network (WBSN) has been investigated in recent years. One of the key challenges for the WBSN is to reduce the backhaul processing delay. However, a large portion of current research has mostly been focused on the decode-and-forward (DF) protocol that inherently contains a large transmission latency due to complicated decoding process at each SC base station (SBS). In this paper, we investigate the amplify-and-forward (AF)-based WBSN. Unlike the DF schemes, the AF-WBSN is more attractive due to the cost effectiveness and lower computational complexity. In frequency division duplex (FDD) systems, however, such advantages come at the expense of high channel estimation complexity, because the macro-cell base station (MBS) in the AF-WBSN is required to know the global channel state information, which causes a significant feedback delay as well as overhead. The channel estimation becomes even more challenging when it comes to the massive MIMO systems where the MBS is equipped with a large excess of antennas. To tackle the problem, we propose a novel transceiver design for the FDD massive-MIMO enabled AF-WBSN whose channel estimation and feedback complexity reduce to the level of its DF counterpart with a low latency by leveraging the antenna correlation at the MBS and the mean squared error decomposition properties at the SBSs. Finally, numerical results verify the efficiency of our proposed designs.
I. INTRODUCTION
Drastic growth of mobile data traffic has been observed in recent years. To cope with such an explosively increasing traffic demand, heterogeneous networks have garnered a lot of interest to provide coverage extension as well as traffic offloading by adding small cells (SC) to the existing macrocell networks [1] . In theory, network capacity scales linearly with the SC density [2] . However, it is worrisome for operators to deploy a dense SC network with conventional wired backhaul owing to high cost of fiber connectivity. Thus, wireless backhaul SC networks (WBSN) can be a promising solution for 5G communications and the beyond.
In WBSN, a macro-cell base station (MBS) supports a large number of SC user equipments (UEs) via multiple SC base stations (SBSs) . Each SBS operates like a relay node whose functionality is coarsely divided into amplify-andforward (AF), decode-and-forward (DF), and compress-andforward (CF) protocols [3] . The DF protocol has been most popular in WBSN [4] - [7] , because the decoding operation at each SBS enables the system to be considered as a simple concatenation of two one-hop links. However, a high processing delay at each SBS is still an issue. To address the problem, some of recent studies have treated the CF-based schemes in the name of cloud radio access network (C-RAN) with wireless fronthauling [8] , [9] . In the meantime, the AF protocol has the lowest deployment cost and processing latency. Despite such advantages, however, the AF based WBSN (AF-WBSN) has been relatively less studied due to the large channel estimation overhead. In this paper, the goal of research is to resolve such channel estimation difficulties, thereby providing a useful way to implement the AF-WBSN.
In AF-WBSN, each SBS may operate in either a multirelay (MR) mode or an SC mode depending on a cooperation level among the SBSs. The MR mode amounts to the conventional multi-relay networks [10] , [11] , for which multiple AF relays cooperatively support all UEs in a coordination cluster. However, such a cooperation may be unviable in practice since the SBSs usually backhaul themselves with the MBS without tight synchronization with other SBSs. On the contrary, in the SC mode, each SBS only supports their own UEs and regards the signals coming from other SCs as interference, and therefore no cooperation among the SBSs is needed.
In general, the MR mode outperforms the SC mode in terms of throughput, because the multi-SBS cooperation enables effective mitigation of the inter-SC interference. However, such capacity improvement of the MR mode is heavily dependent on the accuracy of channel state information (CSI) at transmitters (CSIT), not to mention the inter-SBS synchronization. The CSIT might be accurate in time division duplex (TDD) systems, since we can exploit the uplink pilots from the receivers with the aid of channel reciprocity [12] . However, frequency division duplex (FDD) systems are still dominant in current cellular networks, where the CSIT is typically imperfect due to finite-rate feedback from the receivers. Thus, the SC mode may be preferred rather than the MR mode for a practical FDD WBSN.
In WBSN, the wireless backhaul is often the bottleneck due to limited radio resources and propagation loss. One simple way to enhance the backhaul capacity is to employ the massive multi-input multi-output (MIMO) system, for which the MBS scales up its number of antennas up to several tens or hundreds to achieve aggressive spatial multiplexing and diversity gains. In the FDD mode, however, the massive-MIMO raises a channel estimation challenge. To resolve the problem, a number of FDD massive-MIMO designs have recently been investigated [13] - [16] . However, advanced research that combines the FDD massive-MIMO with the AF-WBSN, so called FMA-WBSN, has not been discussed yet.
In this paper, we investigate the achievable sum-rate performance of the FMA-WBSN in terms of both the SC and MR modes by taking its practical implementation into account. A major challenging point for implementing the FMA-WBSN is that the MBS needs to know both the access link (between the SBSs and the UEs) and backhaul link (between the MBS and the SBSs) CSIs, namely global CSI owing to the AF operation at each SBS. This will in turn causes a significant feedback delay and overhead. In this paper, we develop a novel FMA-WBSN transceiver design that maximizes the sum-rate performance with the channel estimation and feedback complexity reducing to the level of its DF counterpart. 1 For performance evaluation in FDD, we first find the optimal unquantized solutions in terms of the maximum sum-rate, and then adopt the random vector quantization (RVQ) codebooks whose fundamental results can be generally applied to any quantization codebooks [17] . The contribution of the paper can be summarized as follows.
• First, we examine the MR designs in terms of both the full CSIT and the limited feedback. Unlike the previous MR designs depending on the complicated sub-gradient methods [10] , we propose a simpler algorithm that is attainable via the one-dimensional bisection search method. Also, we propose an efficient limited feedback MR design by leveraging the skewed RVQ codebooks [15] . Surprisingly, despite a myriad of research results for the FDD AF relaying systems [18] - [21] , the MR designs have not been investigated before in terms of the limited feedback. Note that the MR designs that we present here not only serve as a performance benchmark, but also offer a useful insight for the subsequent SC designs.
• Second, we propose efficient SC designs for the FMA-WBSN. In order to mitigate the channel estimation complexity of the FMA-WBSN, we first reduce the dimensionality of the massive-MIMO channels in the backhaul link by utilizing a priori knowledge on the channel correlation matrices (CCM). Then, we propose a CSI requirement reduction scheme that enables the MBS precoder to be determined without needing to know the access-link CSIs, which is achieved by employing the weighted minimum mean squared error (WMMSE) problem transformation techniques [22] and the MSE decomposition properties [21] , [23] - [25] . Finally, we propose a low complexity FDD SC design that is obtained by applying the skewed-RVQ codebooks to the aforementioned SC schemes.
• Finally, we provide an in-depth discussion on the numerical sum-rate performance of the proposed SC and MR designs for FMA-WBSN. It is particularly interesting to observe that though the MR design generally outperforms the SC design for the case of full-CSI feedback, the performance trend could be reversed in the limited feedback scenarios, because a large portion of the MR gain may disappear as the CSIT imperfection increases. Such an observation demonstrates the efficiency of the proposed SC designs for practical FMA-WBSN. The remainder of the paper is organized as follows. In Section II, we provide system models and problem formulation for the SC and MR designs in the FMA-WBSN networks. In Section III, we study the MR designs in terms of both the full CSI and limited feedback. In Section IV, efficient SC designs are proposed for practical implementation of 1 In the DF-based WBSN, the MBS does not need to know the access link CSIs for precoder designs. FMA-WBSN. In Section V, we evaluate the performance of the proposed MR and SC designs. Finally, in Section VI, we draw some conclusion.
Notations: Normal letters represent scalar quantities, boldface letters indicate vectors and boldface uppercase letters designate matrices. We use R + and C to denote a set of positive real and complex numbers, respectively. The superscripts (·) T , (·) H , and E[·] stand for the transpose, the conjugate transpose, and the expectation operators, respectively. I N is an N × N identity matrix. In addition, Tr (A), det(A), A 2 , and (A) + indicate the trace, the determinant, the matrix 2-norm, and an element-wise max(·, 0) operation of a matrix A, respectively. The notation blkdiag{A 1 , . . . , A K } and diag{A} stand for a blockwise diagonal matrix with matrices A 1 , . . . , A K and a diagonal matrix with diagonal elements of A on its main diagonal, respectively.
II. SYSTEM MODEL
As shown in Fig. 1 , we consider a two-tier downlink cellular network having G SCs, each of which is connected to an MBS through wireless backhaul. In each SC, an in-band halfduplex relay (SBS) supports multiple SC UEs, for which the backhaul and access links are operated in the same frequency band, while a message transfer from the MBS to the UEs occurs in two separate time slots. Note that our result can also be applied to the full-duplex relays with advanced loop interference cancellation techniques [6] , [7] . We assume that the macro-cell UEs that are directly associated with the MBS can be served in a different frequency band as in [4] so that the inter-tier interference can simply be denied. Thus, we can solely focus on the performance of the SC UEs.
To reduce the backhaul delay, all SBSs operate in an AF mode that simply forwards the processed signals from the MBS to their own UEs without the complicated decoding process. An MBS is located in a macro-cell center, and the SBSs are well distributed within a macro-cell so that inter-SC interference can be minimized. We do not restrict our discussion to the SBS in a fixed location, because some SBSs may be mounted on the portable devices such as laptop computers, which means that the small-scale fading parameters of the backhaul link channel may also change over time.
In this paper, we assume that all nodes are equipped with multiple antennas. The MBS has a massive number of antennas M S to support a number of SCs simultaneously. For simplicity, all SBSs and UEs are configured with the same number of antennas M R and M D , respectively. Each SBS has the same per-SBS transmit power budget P SBS and supports the same number of UEs K . We denote the total number of SC UEs by K tot = GK . Also, following the convention, we assume that M S GM R and M R ≥ KM D throughout the paper.
A. CHANNEL MODEL
The backhaul link channel between the MBS and the g-th SBS (SBS-g) can be expressed by a complex matrix
being a channel vector corresponding to the n-th receive antenna at SBS-g for g = 1, . . . , G. The MBS antennas are typically correlated due to large antenna arrays in a small form factor. Thus, we have h n,g ∼ CN (0, R n,g ) with non-identity CCMs R n,g ∈ C M S ×M S , ∀(n, g). Note that in this paper, we investigate the wireless backhaul that does not require line-of-sight. 2 The co-located multi-antennas mounted on the same SBS are likely to experience the same local scattering [13] . Thus, one can consider that all antenna elements in SBS-g go through the same CCM R g . By employing the one-ring scattering model [26] , the (m, n)-th element of R g is computed as
where θ g and g represent the azimuth angle of arrival (AoA) and the angular spread (AS) of the SBS-g, respectively, and λ c and D indicate the carrier wavelength and the space between adjacent antennas, respectively. Now, using the Karhunen-Loeve representation, the channel vectors are given in the form
where s n,g ∈ C r g ×1 ∼ CN (0, I r g ), and U g ∈ C M S ×r g and g ∈ C r g ×r g respectively represent a unitary matrix and a diagonal matrix from the eigenvalue decomposition of R g = U g g U H g with rank r g . The CCMs change over time at a much slower time scale with respect to the system slot rate, and thus can be tracked with small protocol overhead [27] . The CCMs can be estimated and tracked using standard subspace tracking techniques [28] . However, detailed discussion on the estimation of the CCMs is out of the scope of this paper. For simplicity, here we assume that the CCM R g is known to both the MBS and SBS-g in advance as in literature [13] - [15] .
In the meantime, the access link channels between SBS-g and the k-th UE in the g-th SC, which is denoted by UE-(k, g), is represented by a complex matrix T
Here, we assume that all elements of T (g) k,g are i.i.d CN (0, 1) considering a few antennas with sufficient antenna spacing at the SBSs and the UEs. Similarly, the cross access link channels between SBS-g and UE-(k, g) for g = g is represented by a complex matrix T
) with cross access link channel strength σ 2 g,g > 0.
B. SIGNAL MODEL: MR VS. SC
represents a message signal intended for UE-(k, g). In the first time slot, the MBS broadcasts d to all SBSs through a precoding matrix
and F k,g denotes a beamforming matrix for each data vector d k,g . Then, the received signal y g ∈ C M R ×1 at SBS-g equals
where n g ∼ CN (0, I M R ) indicates the noise vector.
In the second time slot, each SBS-g amplifies y g in (3) by a complex matrix Q g ∈ C M R ×M R and forwards it to the UEs with per-SBS power constraints
Note that for the sake of simplicity, we assume that the perfect global CSI is available at each UE throughout the paper [29] .
1) MR MODEL
When all SBSs and UEs are perfectly synchronized in time and frequency, SBSs may cooperatively support all UEs. In this case, we can rephrase (4) aŝ
where
stands for the effective channel matrix of the desired signals and the noise vector at UE-(k, g), respectively. The second to fourth terms of (5) represent the intra-SC interference, inter-SC interference, and the noise that are propagated from all SBSs, respectively.
Then, the end-to-end sum-rate performance can be formulated as
where C k,g represents an effective noise covariance matrix that is defined by
Note that when SBSs are operated in an in-band full-duplex mode with perfect cancellation of loop-back interference, the pre-log factor 1/2 in (6) can be removed [6] . Finally, the sum-rate maximization problem of the MR model can be formulated as
In practical WBSN, tight synchronization among the SCs may be difficult, because each SBS with wireless selfbackhauling and its associated UEs are typically instantaneous and non-cooperative with other SCs. In this case, the signals from different SBSs that may experience different processing and propagation delays mostly act as interference. Thus, with the SC model, we can re-define the signal model in (4) aŝ
k,g Q g y g denotes the effective channel matrix of the desired signals and the other cell interferences that are propagated from all SBSs other than SBS-g, respectively. The second and third terms of (7) represents the intra-SC and inter-SC interferences that are propagated from SBS-g, respectively.
The end-to-end sum-rate performance is formulated as
where we have the effective noise covarianceC k,g as
Finally, we formulate the sum-rate maximization problem of the SC model as
The goal of the paper is to solve the SC problem in (P1-1) and (P2-1) in the limited feedback FDD environments. To this end, we will first look into the MR design in problem (P1-1), and then propose efficient SC designs for problem (P2-1). The following summarizes some matrix aggregations that will be used for our derivations throughout the paper:
III. MULTI-RELAY DESIGNS
In this section, we examine the MR design problem in (P1-1). First, we briefly overview the conventional MR design with global full CSI feedback (MR-GFu) [10] . We note that the solution presented here is simpler than the one in [10] , since our MBS precoder is derived as a closed-form without relying on the complicated subgradient method. Then, we propose an efficient channel quantization scheme for the MR design with global quantized CSI feedback (MR-GQu).
A. MR-GFU
The problem in (P1-1) is generally non-convex, and thus difficult to solve in its current form. To resolve the problem, we transform (P1-1) into an equivalent WMMSE problem as
s.t.
and
the weight matrix and the linear receiver corresponding to UE-(k, g), respectively. In contrast to [10] , here we introduced a new variable β ∈ R + inĒ g,k to make it easy to obtain the optimal solution for F. The equivalence between (P1-1) and (P1-2) simply follows from [30] . Detailed proof is omitted for brevity. The WMMSE problem in (P1-2) is now convex with respect to each of the matrix variables in {F, Q g , D k,g , W k,g } although it is still jointly non-convex, and thus can be solved via alternatively updating one matrix at a time for given others. First, when β, F, and Q are fixed, the optimal D g,k is derived in the form of Wiener filter that is given by (14) which in turn makes the MSE matrixĒ k,g in (13) [31] . Then, from the zero-gradient condition of (10) with respect to W k,g , the optimal weight matrix can be updated as
Now, for the given matrix variables Q, D, and W, we can formulate a design problem for F as
Note that here we ignore the per-SBS power constraints in (12) to obtain a simplified solution. Then, the optimal solution of (P1-3) can be calculated as below.
Lemma 1:
The optimal solution of (P1-3) is given by F = βF where β = P MBS Tr FFH and
Similarly, for the given variables, β, F, D, and {Q g ,∀g =g }, the optimal solution of (P1-2) with respect to Q g is obtained as in the following lemma.
Lemma 2: The optimal solution of (P1-2) with respect to Q is given by
where λ denotes a Lagrange multiplier. We set λ = 0 if
) < P SBS for λ = 0, and otherwise we increase λ up to the point where Tr(
Based on the results so far, we can construct an algorithm that alternatively minimizes the objective function of (P1-2) as summarized in Algorithm 1. Here N ip denotes the number of random initial points to avoid the solution falling into
, and Q
g , ∀g using (15) until convergence end for Select the best one among N ip solutions, i.e.,n = arg max n k,g log 2 det(W (n) k,g ) a local optimal point. It is noteworthy that the solution in Lemma 1 may be temporarily outside the feasible domain of (P1-2), because (P1-3) ignores the per-SBS power constraints in (12) . Nevertheless, Algorithm 1 guarantees monotonic convergence to a feasible optimal point as shown in the following proposition.
Proposition 1: Algorithm 1 monotonically converges at least to a locally optimal point that is feasible.
Proof: see Appendix C. In contrast to the MBS precoder in [10] , which is obtained from the iterative sub-gradient process, the proposed design gives a simple closed-form solution, and thus is efficient.
B. MR-GQU
In this subsection, we propose an FDD MR design, namely, MR-GQu to evaluate the performance of the MR-GFu in an FDD mode. The MR-GQu simply follows Algorithm 1 except that the MBS uses the quantized CSIs of both H and T for computing MBS precoder F in Lemma 1 and each SBS-g uses the unquantized CSI of H g and quantized CSIs of both H g ,∀g =g and T for computing SBS transceiver Q g in Lemma 2. Note that that the unquantized CSI of H g can be obtained at SBS-g via downlink training from the MBS.
For the channel quantization, we use the RVQ codebook that has been commonly adopted in literature. For instance, for B bits of feedback, the RVQ generates 2 B codeword vectors independently and identically distributed according to the stationary distribution of the optimal unquantized channel vectors. As the CCM in the backhaul-link, i.e., R g in (1) is known to both the MBS and SBS-g, we can apply the ''skewed-RVQ'' codebook [15] for quantizing backhaul link channel H g . Specifically, observing that the CCMs are usually rank-deficient, we can make a feedback compression by first quantizing s n,g in (2) based on the naive RVQ codebook having i.i.d. codeword vectors, and then applying the shaping matrix U g
1/2
g to all codewords rather than directly quantizing the higher dimensional channel vector h n,g .
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Similarly, each UE quantizes the corresponding access link channel k,g , ∀i utilizing the naive RVQ codebooks, and then informs each SBS-g of the quantized CSIs. At the same time, each SBS-g quantizes backhaul link channel H g using the skewed RVQ codebook, and then delivers the quantized CSIs of both backhaul and access link channels to all the other SBSs as well as the MBS via uplink feedback channels of the backhaul (or inter-SBS) links. After this process, the MBS obtains a quantized version of global CSI H and T, while each SBS-g obtains quantized CSIs of H g ,∀g =g and unquantized CSI of H g . Finally, based on the acquired CSIs, each node computes the precoding matrices in Lemma 1 and 2. Please refer to Table 1 in Section IV-C for more details.
Remark 1: In general, the MR-GFu based on the full CSIT obtains performance gain, because it can simultaneously strengthen the desired signal power and mitigate interference via combined multi-antenna dimension of multiple SBSs. However, when it comes to the MR-GQu scheme in an FDD environment, a significant performance loss may appear, because the global CSI requirement at each transmitter node eventually leads to a large channel quantization loss.
Remark 2: A large excess of antennas at the MBS further increases the channel estimation complexity. For example, in order for an MBS to obtain backhaul link CSIs in FDD, the MBS first needs to broadcast downlink training, and then listen to the channel feedback from the SBSs, which means that channel estimation complexity linearly grows with M S in terms of both the downlink training and the uplink feedback [12] , [13] . Accordingly, the performance gain of the MR designs will come at the expense of high channel estimation complexity not to mention its additional signaling efforts for the inter-SBS synchronization.
IV. SC DESIGNS
In this section, we propose an efficient SC design for practical implementation of FMA-WBSN. Unlike the MR designs, the cross access link signals now only act as interference due to the lack of tight synchronization among the SCs. To enhance the performance of FMA-WBSN, it is thus preferred to arrange SCs as far as possible so as not to affect each other. With the assumption that the cross access link channel power σ 2 g,g is negligibly small, MR-GFu in Algorithm 1 still serves as the optimal unquantized solution of (P2-1). However, the global CSI requirement of MR-GFu still leads us to an inefficient FDD SC design. To address the problem, in this section, we propose a lower complexity SC design algorithm that significantly reduces the channel estimation complexity.
A. SC DESIGN WITH DIMENSIONALITY REDUCTION SCHEME (SC-DRS)
First, let us consider a two step beamforming scheme at the MBS, i.e., F = PV with P = [P 1 , . . . ,
are designed for spatially separating the backhaul link channels based on a priori knowledge on the CCMs, while the post-beamformers in
take responsibility for spatial multiplexing in each SC based on the small-scale fading parameters. Here, b g denotes a virtual antenna dimension of the MBS corresponding to SBS-g, which can be determined such that KM D ≤ b g ≤ r g and B = G g=1 b g . Here r g stands for the effective rank of R g , which is also a controllable parameter by system engineers [13] . In this paper, we set b g = b and r g = r , ∀g for simplicity.
Let us define a pre-beamformed effective channel as
For dimensionality reduction (spatially separation of the backhaul links), we assume that each SBS-g estimates and feeds back only the (g, g)-th block matrixH g H g P g ∈ C M R ×b . It is thus desirable to construct a pre-beamformed matrix P j such that H g P g ,∀g =g = 0 to eliminate the inter-SBS interference, which can be achieved via the block diagonalization (BD) method [32] . Specifically, under the condition that M S − (G − 1)r ≥ b, we can always find a unitary matrix P g such that P H g P g = I b and its column space is located in the null space of a matrix [U 1 , . . . , U g−1 , U g+1 , . . . , U G ] H with U j being a matrix consisting of the first r columns of U j . We see that there exists a tradeoff between r and G. If we set r too small, the elements in H g P g ,∀g =g get away from 0 and the residual interference occurs in the backhaul links. On the other hand, if we set r large enough such that r ≥ max g r g , we can achieve perfect BD (no residual interference), but the number of SCs that can be supported simultaneously may reduce. Thus, for a given G, the optimal choice of r equals r =
For fixed pre-beamformers in P, the received signals at UE-(k, g) in (7) is alternatively expressed bŷ
whereĀ k,g is defined in (7), V k,g ∈ C b×M D indicates the k-th sub-matrix of V g = [V 1,g , . . . , V K ,g ], and the third term designates the residual interference in the backhaul link due to imperfect BD. Now, we design the remaining precoders V and Q such that the objective function of (P2-1) is maximized.
The problem at hand is still difficult to solve and does not provide useful insight into the FDD design. To address the problem, in what follows, we temporarily assume that σ 2 g,g = 0 and H g P g ,∀g =g = 0, which results in a simplified form of (17) aŝ
The result in (18) implies that the system can be regarded as G-parallel multi-user relay networks, the g-th one of which can be independently optimized as
where the effective noise covarianceC k,g is equal tõ
The solution of (P2-2) can be found by solving an equivalent WMMSE problem as (P2-3) min
where the MSE matrixẼ k,g is defined bỹ
withd k,g in (18) . Unlike (13), a new variable α g ∈ R + , ∀g is introduced inẼ g,k to obtain a closed-form solution of Q g . The solutions of (P2-3) are now derived as follows. First, the linear receiver at UE-(k, g) can be obtained by
for given other variables, which makes the MSE matrix in (20) 
Then, we update the weight matrices as
Lastly, V g and Q g can be updated in turn by V g = β gVg and Q g = α gQg wherē
andQ
with
Algorithm 2 SC Design With Dimensionality Reduction Scheme (SC-DRS)
For given pre-beamforming matrix P, run the following loops in parallel for g = 1, . . . , (23) and (24) Compute Q
g using (25) and (26) until convergence end for Select the best one among N ip solutions, i.e.,n = arg max n k log 2 det(W
Note that when we obtain (23) and (24), the per-SBS power constraint in (19) is ignored as in problem (P1-3) . Thus, the proof simply follows from Lemma 1. The solutions in (25) and (26) are proved in Appendix VI-D. Algorithm 2 summarizes the entire filter updating procedure of the proposed SC-DRS. Utilizing the argument in Proposition 1, one can easily verify that the algorithm monotonically converges at least to a locally optimal point.
Remark 3: Compared to the MR-GFu, the proposed SC-DRS is suboptimal, because it does not take into account the residual interference in the backhaul links and the inter-SC interferences in the access links. For example, when the number of SCs, i.e., G is relatively large compared to M S , we are forced to choose a small effective rank r = M S −b G−1 that results in growing residual interference in the backhaul link. A non-zero σ 2 g,g is another factor that violates the optimality of SC-DRS due to inter-SC interference in the access-link. However, for the case where the SCs are both spatially and angularly separated from each other, i.e., σ 2 g,g 1 and M S GM R , the performance of the SC-DRS approaches the MR-GFu with much reduced complexity.
B. SC DESIGN WITH LOCAL FULL CSI FEEDBACK (SC-LFU)
It is seen that the SC-DRS requires the MBS to know the CSI of bothH g and T g . This still imposes a high overhead on the reverse side of the backhaul link, because each SBS-g has to feedback quantized CSIs of bothH g and T g to the MBS. In this subsection, we design a new MBS post-beamformer V g that does not rely on the access link CSI T g , namely SC-LFu. As will be shown later, the proposed SC-LFu shows little performance loss with further reduced feedback complexity compared to the SC-DRS.
First, a careful examination on (25) reveals that the g-th SBS transceiver Q g in the SC-DRS can be expressed as a product of two matrices, i.e.,
T as the received signal at the UEs in the g-th SC, which is given bŷ
Then, we can rephrase the weighted sum-MSE in problem (P2-3) as
where the last equality holds true due to the fact that
∀g by the orthogonality principle [33] . In the meantime, it is known that the first and second order statistics ofȳ g can be closely approximated to those of input signal d g at both high and low SNRs [21] , [25] , [34] , [35] , which implies that the first term of (28) is not affected by V g , because bothd g in (27) andȳ g are stochastically independent of V g . In addition, an MMSE receiver L g makes the second term of (28) [36] . Therefore, problem (P2-3) with respect to the MBS post-beamformer is simply reformulated as
whose optimal solution is obtained by a well-known unitary beamforming and power allocation strategy. Specifically, defining an eigenvalue decomposition H
. . , µ g min(b,M R ) } being a unitary matrix and a diagonal matrix with eigenvalues on its main diagonal, respectively, the optimal solution of (P2-4) is given by
where the k-th diagonal element of g , denoted by φ g k , is computed from
Here, ω g k ∈ R + denotes the k-th diagonal element of W g and ν ∈ R + is chosen to satisfy the power constraint in (29) . Note that if µ g k = 0, we have
The result in (29) .
• Step 4: MBS computes V g , ∀g using (29).
• Step 5: Each SBS-g computes Q g = α gQg in (25) and (26) based on D g , W g , and V g obtained in the previous steps 2 and 4
C. SC DESIGN WITH LOCAL QUANTIZED CSI FEEDBACK (SC-LQU)
Observe that the power allocation across the beam vectors offers only a marginal gain compared to the gains that come with the beamforming accuracy [37] . This is especially true when the effective spatial dimension at a transmitter is greater than the number of data-streams, i.e., b > M R , which is the case in the massive-MIMO backhaul strategy. Therefore, we can effectively approximate the power allocation matrix g in (29) to an identity matrix as
, which implies that the weight values
may be insignificant for reconstructing the MBS post beamformer. Now, the proposed SC-LQu algorithm can be constructed as in Algorithm 4. k,g to its associated SBS-g • Step 2: Each SBS-g sends the quantized information of H g to the MBS.
• Step 3: Both the MBS and SBS-g compute V g in (30) utilizing the quantized CSI ofH g .
• Step 4: For given V g , each SBS-g computes Q g = α gQg in (25) and (26) via the SC-DRS algorithm.
Unlike the MR designs in Section III, the quantization object in the backhaul link now shifts from h n,g toh n,g P H g h n,g whose correlation matrix is equal to a matrixR g P H g R g P g with rank b ≤ r g . Let us consider an eigenvalue decompositionR g =Ū g¯ gŪ H g . Then, we havē
gs n,g , whereŪ g ∈ C b×b and¯ g ∈ C b×b denote a unitary matrix with eigenvectors and a real diagonal matrix with eigenvalues ofR g , respectively, ands n,g ∈ C b×1 represents a random vector having i.i.d. CN (0, 1) components. Now, we observe that the skewed RVQ is still valid, and thus we can first quantizes n,g using the naive i.i.d. RVQ codebook, and then apply the shaping matrixŪ g¯ 1/2 g to the codebook. Note that in the access link, each UE quantizes only the access link channels, since the cross access link channels are not utilized at the transmitter sides.
Remark 4: Compared to the MR designs in Section III, the proposed SC design significantly reduces the amount of CSI requirements at the MBS. Thus, the SC-LQu that quantizes the local CSI experiences a less quantization loss than the MR-GQu that quantizes the global CSI. This will be a reason that the SC-LQu outperforms the MR-GQu even with nonzero inter-SC interference, i.e, σ 2 g,g = 0 in the subsequent section. Such an observation demonstrates the efficiency of the proposed SC design as a promising candidate for the practical FMA-WBSN.
Remark 5: Table 1 summarizes the CSI requirements and feedback complexity of the MR and SC designs. Here, q(·) denotes the quantized version of the corresponding CSIs. It is seen that the proposed SC-LQu maintains the channel estimation complexity in the level of its DF counterpart without the decoding process at the SBSs. Compared to the DF-based WBSN, a performance loss might be observed especially when the backhaul SNR is low because of the noise amplification effect at the SBSs. However, the DF-based FDD massive-MIMO WBSN that is based on the dimensionality reduction scheme in the backhaul link has not been studied before. Therefore, a direct performance comparison between the proposed scheme and its DF counterpart is beyond the scope of the paper, and may be discussed in our future works. Interested readers may refer to [38] and [39] for more details about the performance of AF and DF relaying systems.
V. NUMERICAL RESULTS
In this section, we demonstrate the efficiency of the proposed methods through numerical results. Throughout the section, we evaluate the average sum-rate performance utilizing the expressions in (6) and (8) for the MR and SC designs, respectively. We consider a single MBS that is equipped with M S uniform linear array (ULA) antennas. Also, we consider a situation that a total of G SBSs are evenly distributed within an 120 • coverage angle of the MBS, for which we set azimuth , ∀g (rad). Note that all antennas in the same SBS experience the same CCM as mentioned in (1), but the CCMs may differ across the SBSs.
For simplicity, we assume that each SC supports K users, each of which is equipped with a single antenna (M D = 1). It is also assumed that the cross access link distance between two adjacent SCs is δ times longer than the access link distance. We consider the urban propagation environment in which the pathloss exponent is normally measured by 4. Then, we have
Throughout the section, we set P SBS = P MBS G = P 0 and M R = K . In addition, we set b = r for the SC designs, which results in r = M S G . In the following, we first study the performance trend of the full CSI feedback precoding schemes such as MR-GFu, SC-DRS, and SC-LFu. Then, we examine the performance of the quantization schemes such as MR-GQu and the SC-LQu in the limited feedback scenarios and offer several interesting observations. Figure 2 draws the sum-rate performance of the full CSI feedback schemes according to P 0 and δ in a system with M S = 64, K = 2, and G = 8. From the figure, we observe that for δ = 5, the SC designs achieve the performance that is close to the MR-GFu, which verifies our previous statement that the proposed SC design approaches the optimum with much reduced channel estimation complexity for the case of well-separated SCs. However, as the SCs get closer to each other (as δ decreases), the SC designs lose performance because of the inter-SC interference while the MR design gathers advantages.
A. FULL CSI FEEDBACK SCHEMES
In Figure 3 , we compare the sum-rate performance of the full CSI feedback schemes according to G and K in a system with M S = 64 and δ = 5. The figure shows a negative effect of the SC designs with a large G and K , because the inter-SC interference in the access link and the residual interference in the backhaul link becomes higher as K and G increase. Further, the SC-LFu is outperformed by the SC-DRS, since the residual interference in the backhaul link violates the orthogonality principle in (28) . Figure 4 shows the sum-rate performance with respect to the number MBS antennas M S in a system with δ = 5. It is seen that as M S increases, the gap between SC-DRS and SC-LFu reduces, because the increase of M S implies residual interference mitigation in the backhaul link due to higher effective rank r = M S G . From Figures 2 to 4 , we can conclude that the MR design generally outperforms the SC designs in the full-CSI feedback scenarios, though the SC designs may be useful in a case where the SCs are spatially and angularly fully separated. In contrast, we will show in the subsequent subsection that the performance trends will be reversed in the limited feedback FDD environments. Figure 5 shows the sum-rate performance of the limited feedback schemes such as MR-GQu and SC-LQu according to P 0 and δ in a system with M S = 64, K = 2, and G = 8. Here, ''MR-GQu (resp. SC-LQu) H-k H /T-k T '' denotes the proposed limited feedback scheme where each row vector of H g (resp.H g ) and T k,g (resp. T (g) k,g ) is quantized into k H bits and k T bits, respectively based on the skewed RVQ codebook. We emphasize that 'MR-GQu H-3/T-6' requires at least K times larger feedback overhead in the backhaul link than 'SCLQu H-3/T-6', because the MR-GQu requires each SBS-g to inform the MBS (and other SBSs) of the access link CSIs as well as the backhaul link CSI. Interestingly, we see that for the case of δ ≥ 2, the SC-LQu outperforms the MR-GQu with a significantly reduced feedback overhead and even without needing the synchronization process among the SBSs. It is also interesting to observe that unlike MR-GFu in Figure 2 , the performance of the MR-GQu in this figure deteriorates as δ reduces, which verifies that the cross access link signals are also harmful for the MR designs without proper CSIT at each SBS.
B. LIMITED FEEDBACK SCHEMES
Similar observation can be made in Figure 6 that draws the sum-rate performance according to G and K = M R in a system with M S = 64 and δ = 5. We see that the SC-LQu outperforms the MR-GQu as long as M S GM R which is generally acceptable in the massive-MIMO scenarios. Figure 7 exhibits the sum-rate performance of the MR-GQu and the SC-LQu according to the number of feedback bits k H and k T in a system with M S = 64, K = 2, and G = 8. Obviously, as k H , k T , and δ increase, both the SC-LQu and the MR-GQu obtain throughput gain. One interesting observation is that regardless of the number of feedback bits, the SC-LQu outperforms the MR-GQu even in the case of δ = 2 where the SCs are not very well separated. The gain that is expected from increasing k H could be marginal compared to the gain that stems from the increase of k T . This implies that for throughput enhancement, intra-SC interference management in the access-link is more important than improving the backhaul post beamforming accuracy.
VI. CONCLUSION
In this paper, we have investigated the sum-rate performance of the FMA-WBSN in terms of both the MR and SC designs. First, we examined two MR designs, namely, MR-GFu and MR-GQu considering both the global full CSI and global quantized CSI feedback, respectively. Second, we proposed efficient SC designs, namely, SC-DRS for global full CSI feedback and SC-LFu for local full CSI feedback, and SC-LQu for local quantized CSI feedback, which significantly reduce the channel estimation overhead of the FMA-WBSN. In general, the MR design outperforms the SC designs due to the coordinated transmission among the SBSs and global full CSI feedback that enable effective mitigation of the inter-SC interference. In the limited feedback FDD scenarios, however, it turns out that it would be better to use the SC design, i.e., SC-LQu rather than the MR design, i.e., MR-GQu in terms of both channel estimation complexity and link performance. The SC-LQu becomes more advantageous as the number of antennas at the MBS increases and the cross-access link signal power becomes smaller. Finally, we demonstrated the efficiency of the proposed schemes through numerical results.
